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Abstract:  
Light scattering in inhomogeneous media induces wavefront distortions which pose an 
inherent limitation in many optical applications. Examples range from microscopy and 
nanosurgery to astronomy. In recent years, ongoing efforts have made the correction of 
spatial distortions possible by wavefront shaping techniques. However, when ultrashort 
pulses are employed scattering induces temporal distortions which hinder their use in 
nonlinear processes such as in multiphoton microscopy and quantum control 
experiments. Here we show that correction of both spatial and temporal distortions can 
be attained by manipulating only the spatial degrees of freedom of the incident wavefront. 
Moreover, by optimizing a nonlinear signal the refocused pulse can be shorter than the 
input pulse. We demonstrate focusing of 100fs pulses through a 1mm thick brain tissue, 
and 1000-fold enhancement of a localized two-photon fluorescence signal. Our results 
open up new possibilities for optical manipulation and nonlinear imaging in scattering 
media. 
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The propagation of light in inhomogeneous media results in scattering and distortions of the propagating 
wavefront. Such distortions limit the effective focusing of optical intensity and degrade imaging quality 
through disordered or scattering media1. The problem of focusing light through inhomogeneous media is 
even more challenging when ultrashort pulses are considered, as in addition to the spatial distortions 
scattering also distorts the pulse shape in time2-5. The challenge of correcting the spatial distortions 
induced by scattering has been in the focus of many recent works5-19. Weak wavefront aberrations, such 
as those occurring in astronomical observations through the atmosphere, have been efficiently corrected 
using adaptive optics techniques6-8. These techniques, however, were considered inadequate for 
correcting distortions in highly scattering and turbid samples, which lead to diffusive light propagation and 
result in complex speckle patterns with no simple relation to the incident wavefront1, 20. Recently, in a 
pioneering work, Vellekoop et al. have shown that adaptive optimization of the incident wavefront can 
increase the focused intensity of multiply scattered light by a factor that is roughly equivalent to the 
number of degrees of control9-12. Using a spatial light modulator (SLM) with 1000 degrees of control 
enabled a 1000-fold enhancement in the focused brightness after a turbid medium9. Following 
Vellekoop’s works, other approaches for determining the optimal corrections were demonstrated either by 
measurement of the optical transmission matrix13, 14 or the complex-valued relation between spatial 
modes15, or alternatively by directly recording the distorted wavefront using optical phase conjugation16, 17. 
These results, however, were only relevant for quasi-continuous light, and in spite of these 
remarkable achievements in the correction of spatial distortions, no work to date has addressed the 
simultaneous correction of the temporal distortions which become important when ultrashort pulses are 
employed2-5. Understanding and correcting the spatio-temporal distortions of ultrashort pulses is crucial 
when multiphoton processes are involved, as is the case in nonlinear microscopy and quantum coherent 
control experiments5, 21-28. Moreover, as the signal in an N-photon process is proportional to the N-th 
power of the input intensity, the expected N-photon enhancements could potentially reach factors of over 
a million, given the achieved 1000-fold intensity enhancements by wavefront shaping9. A simultaneous 
correction of temporal distortions would result in an additional gain in signal and could pave the way to 
coherent control of nonlinear processes in scattering media24, 25, 27, 28. Beyond these practical aspects, the 
question to what extent can one control an optical pulse propagating through a random medium is a 
fundamental wave-propagation and control question, with fascinating analogues in acoustics and radio-
frequency (RF) electromagnetic waves 29-31. 
In this work we demonstrate the ability to control and correct, in both space and time, distorted 
ultrashort pulses after propagation through a scattering medium. We correct both spatial and temporal 
distortions simultaneously by manipulating only the spatial degrees of freedom of the incident wavefront. 
The key to this degree of control is the optimization of a nonlinear signal, two-photon fluorescence in our 
case. Naively, one would expect that in order to effectively cancel spatial and temporal distortions, it is 
required to have control over both the spatial and temporal degrees of freedom of the incoming 
wavefront, as is the case in time-reversal in acoustics and RF29-31. Indeed, temporal pulse shaping 
techniques32 demonstrated recently the ability to compress the temporal duration of the light at a single 
speckle in the scattered field19, without alleviating the spatial distortions. Here we show that, surprisingly, 
spatial control alone is sufficient for simultaneously correcting both the spatial and temporal distortions. 
The deep reason being that scattering couples the spatial and temporal degrees of freedom.  
One of the striking results in the works of Vellekoop et al. is that the optimized focal spot can be 
smaller than the original focal spot without a scatterer11, 31. Here we show that our optimization scheme 
not only corrects for distortions induced by scattering, but it can lead to pulses which are shorter even 
than the input pulse (if that pulse was not Fourier limited). These results hold great potential for many 
nonlinear optics applications in scattering media, such as multiphoton microscopy21, coherent quantum 
control23, optical trapping33, and nano-surgery. As a demonstration, we apply our technique to refocus 
100fs transform-limited (TL) pulses through a multiply scattering 1mm thick rat brain tissue.  
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Results 
Simultaneous focusing and pulse compression by wavefront shaping  
The experimental setup for spatiotemporal focusing is presented in Fig. 1(a). An ultrashort pulse 
was focused through a random scattering medium to a two-photon fluorescence (2PF) screen. The 
incoming wavefront phase was adaptively optimized using a two-dimensional SLM34 to maximize the 
nonlinear 2PF at a selected point on the screen (see Methods). Imaging the 2PF after optimization 
revealed that the optimized 2PF was enhanced and refocused at the optimized spot (Fig.1 b-c). The 
refocused 2PF was not only localized in the transverse dimensions but was also confined along the axial 
dimension, as verified by imaging different depths in the 1mm thick 2PF screen (Fig.1 d-e). The axial 
confinement of the 2PF is obtained in the same manner that optical sectioning is achieved in 2PF 
microscopy21. Most importantly, as we show below, this spatial focusing is accompanied by significant 
temporal focusing as well, even though no special attempt has been made to control the temporal 
degrees of freedom.  
To investigate the temporal properties of the scattered fields and to prove temporal compression, 
we have devised the characterization setup presented in Fig. 2(a). The key element in this setup is a 
Michelson interferometer added before the SLM, which produces spatially-resolved 2PF autocorrelation35. 
With this setup we could then characterize the temporal profile of the light fields at each and every point 
in the image. By scanning the pulse separation τ while collecting 2PF images with the EMCCD, we 
extract the pulse autocorrelation at each point in the image simultaneously. To demonstrate that our 
optimization scheme does not only correct for the temporal distortions induced by scattering but can lead 
to pulses shorter than the input pulse, we chirped the transform-limited 100fs laser pulses to ~400fs by 
passing them through a 152mm-long slab of F3 glass. Figure 2(b) shows that before any optimization, the 
autocorrelation of the light emerging from the scattering medium is ~850 fs long at all points (1/e width). 
We then applied the optimization algorithm (blocking one of the arms of the interferometer or setting its 
delay to zero) and then repeated the temporal measurement with the optimized field. Our results show 
that by simply optimizing a 2PF using only the spatial degrees of control we obtained a refocused pulse in 
both space (Fig. 1b-e) and time (Fig. 2c-d). Note that the ~300fs refocused pulse autocorrelation at the 
optimization point is not only significantly shorter than the non-optimized scattered pulse, but is shorter 
than the original chirped input pulse (710fs 1/e width, Fig. 2d), proving pulse compression by wavefront 
controlled random scattering. The pulse at the optimization point is of shorter duration than any other 
point in the image (Fig. 2c). The data collected by our experimental system allows the complete 
spatiotemporal reconstruction of the scattered and optimized light fields (Fig. 2e-f, see Supplementary 
video 1). We note that the setup presented in Fig. 2a is required only for characterization purposes, and 
the simple setup of Fig.1a is sufficient for achieving the spatiotemporal focus. The measured optimized 
2PF intensity was enhanced 15-fold compared to the average 2PF before optimization (Fig.1b-d). 
However, the actual enhancement of the axially confined 2PF is much larger since for the non-optimized 
case off plane fluorescence contributions from the 1mm thick 2PF screen are significant. Taking into 
account the off-plane contributions, we estimate the localized 2PF enhancement to be close to 800. This 
is consistent with a measured 20-fold gain of the excitation field intensity, and further experiments with 
thin fluorescent screens (see Supplementary Figure 3). 
To understand how the scattered light field focuses in both space and time even though no effort 
is made to explicitly minimize the width of the focus or the pulse temporal width, one needs to consider 
the dependence of the optimized 2PF signal on the spatial and temporal distributions of the light field. 
Assuming a two-photon absorption spectrum which is wider than the pulse bandwidth, the 2PF intensity 
at any point (x,y,z) in space is given by: dttzyxIzyxITPF ),,,(),,( 2∫∝ , where ),,,( tzyxI is the 
excitation field intensity at the point (x,y,z) at time t. Thus, as the input pulse energy 
dtdxdydztzyxIE ),,,(∫=  is given, the maximum 2PF is obtained for the field which is focused to the 
smallest possible spatial extent and the shortest temporal duration. This approach is in the spirit of 
previous works optimizing a nonlinear signal for temporal compression alone36, and the recent works 
optimizing a linear signal for perfect spatial focusing of a monochromatic source11. Our work combines 
these two independent approaches to a direct model-free method for spatiotemporal focusing in random 
media.  
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Figure 1:  Spatiotemporal focusing by optimizing a two-photon fluorescence (2PF) signal: (a) the experimental setup: an ultrashort 
pulse is focused to a 2PF screen placed behind a scattering medium. A two-dimensional SLM controls the incident wavefront, 
optimizing the 2PF at a selected point in the screen, imaged by an EMCCD, (F - band-pass filter). (b-c) 2PF images before (b) and 
after (c) optimization at the optimized plane (x-y), demonstrating spatial refocusing and a 15-fold gain in the measured 2PF. (c-d) 
Depth resolved images of the 2PF before (d) and after (e) optimization, showing that the optimized TPF is confined along the axial 
(z) dimension, in addition to the transverse confinement. Taking into account the axial confinement, the localized 2PF enhancement 
is estimated to be approximately 800 (see Supplementary Figures 2,3). The pulse at the optimization point is also temporally 
compressed as is shown in Fig. 2. scale-bars in (b,c) are 25µm; rendered x-y-z field in (d,e) is 190x190x400µm. 
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Figure 2: Spatiotemporal characterization of the scattered fields: (a) experimental setup: utilizing a Michelson interferometer while 
imaging the two-photon fluorescence (2PF), spatially resolved autocorrelation is measured on the entire field simultaneously. A 
152mm long glass slab was used to pre-chirp the input pulse. (b-c) Maps of the temporal 1/e width of the spatially resolved 
autocorrelation, showing temporal compression of the optimized pulse at the optimization point. (d) Measured fringe-averaged 
autocorrelation of the chirped input pulse (red, 1/e width=710fs), the non-optimized scattered pulse (green, 1/e width=900fs), and 
the optimized pulse (blue, 1/e width=365fs), demonstrating that the optimized pulse is shorter than the input pulse, using only spatial 
wavefront shaping. The transform-limited pulse autocorrelation is plotted in dashed black for comparison (1/e width=210fs); (e,f): 
Rendering of the spatially-resolved autocorrelations for the non-optimized and optimized fields, revealing a dispersed spatiotemporal 
speckle in the non-optimized case (e), and a localized 2PF in both space and time in the optimized case (f) (see Supplementary 
Video 1). Dashed green/blue lines in (e-f) are the locations of autocorrelations plotted in corresponding colors in (d); rendered 
spatiotemporal volume is 200µm x 200µm x 2200fs ; scale-bars in (b,c) are 25µm; 
 
The fact that the 2PF signal is optimized by the shortest pulse does not necessarily explain how 
such a pulse can be obtained by controlling solely the wavefront spatial phase. To emphasis this we note 
that every single pixel in our SLM can only induce minute delays of up to 3fs, whereas the pulse 
autocorrelation was shown to be compressed from a full width at half max of 590fs to 270fs (Fig. 2d). To 
achieve such temporal control one has to gain control over the different spectral phases in the pulse 
bandwidth as is done in conventional Fourier-domain pulse shapers (Fig. 3a)32. The spectral phase 
control must have a spectral resolution, ∆f, smaller than 1/τmax, where τmax is the maximum controllable 
delay. This is usually achieved in a 4-f pulse-shaper by scattering from a diffraction grating (Fig. 3a), such 
that every SLM pixel controls the phase of a narrow spectral band with bandwidth ∆f<1/τmax. The spectral 
resolution, ∆f, is determined by the grating period and geometry of the system32. Wavefront shaping in a 
random scattering medium is analogous to a Fourier domain pulse shaper in the sense that in both cases 
scattering couples the spatial and spectral/temporal degrees of freedom. Instead of using scattering from 
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an ordered grating, the scattering in a disordered sample couples each SLM pixel to a temporally 
speckled field after the sample. These fields form an effective basis that can span a desired temporal 
function, in the same manner the spectral basis is used in a pulse-shaper (Fig. 3b). By controlling the 
relative phases of these random trains of pulses, they can be made to add up coherently at any desired 
instance. Thus, the controlled spectral resolution is ∆f=1/τmax where τmax=∆L/c is the maximum relative 
temporal delay in the sample, given by the optical paths length differences ∆L divided by the speed of 
light, c.  
A scattering medium in conjunction with an SLM can thus be thought of as a temporal pulse 
shaper with an extremely high temporal dynamic range. This is the mechanism which allowed the 
temporal compression of a chirped input pulse using only the spatial degrees of freedom (Fig. 2d) 37. 
Strikingly, the more temporally complex the random scattering is the better is the temporal control 
attainable, given enough degrees of spatial control31 (see Supplementary Figure 4). In our optimization 
process the phases of the temporally speckled fields are adjusted so they coherently add at one specific, 
though not predetermined instance, forming a short pulse. An approach for optimizing a single specific 
predetermined point in time has been recently suggested by Aulbach et al.18.  
 
 
Figure 3: Mechanism for temporal compression using only spatial degrees of freedom and random scattering: much like a Fourier 
pulse shaper32 (a), where the spatial SLM’s pixels are coupled to the spectral degrees of freedom by scattering from a grating; 
coherent scatterings in a random medium (b) couple each SLM pixel to a different linear combination of the spectral (also temporal) 
degrees of freedom. Forming a new random spectral basis that is phase-controlled by the SLM. In both cases, the maximum 
controllable delay τmax, dictates the shaping spectral resolution ∆f=1/τmax, and is determined by the optical paths lengths differences 
in the medium/shaper. 
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Correction of spatiotemporal distortions in practical applications  
Our results suggest that spatial wavefront control is sufficient for correcting both the spatial and temporal 
distortions of ultrashort pulses in scattering media. This conclusion holds great promise for applications 
employing femtosecond pulses such as multiphoton microscopy, laser writing, coherent control and 
optical manipulation. What spatiotemporal distortions should one expect in a given application? Clearly, 
considerable distortions of the pulse temporal profile would only occur if the scattering induces optical 
path length differences ∆L that are larger than the pulse width: TLcL τ⋅>∆ . However, complex spatial 
distortions can be present even without significant temporal distortions38. The exact regime of 
spatiotemporal distortions in a specific scenario needs to be carefully evaluated by considering the 
sample parameters, i.e. thickness and scattering length3, 4, as well as the geometrical parameters of the 
system, which can yield temporal distortions even from a thin scattering surface2, 38, 39. Our experimental 
system is unique in the sense that it allows for direct determination of the spatio-temporal distortions and 
their correction.  
As a demonstration, we study the spatiotemporal distortions in a challenging multiple-scattering 
scenario of focusing 100fs pulses through a 1mm thick brain tissue, a task which is relevant to 
biophotonic applications. The results of this study are presented in Fig. 4. Imaging the 2PF from a 100fs 
TL pulse focused through a 1mm thick rat brain tissue reveals that this sample significantly distorts the 
spatial profile of the focused beam (Fig. 4a), as expected from a thick scattering medium. However, by 
measuring the spatially resolved 2PF autocorrelation, we find that the sample does not appreciably 
temporally distort the 100fs TL pulses over the entire speckled pattern in the 120x120µm imaged field 
(Fig.4c). This result is consistent with the scattering and geometrical parameters of this focusing scenario; 
Although the typical scattering lengths in brain tissues are 100-200µm in the near-IR8, 22, 40, because of 
the low index contrast of biological tissues scattering is predominantly in the forward direction22. From the 
maximum spatial spread of the speckled 2PF pattern at the focal plane (~±50µm, Fig. 4a) one can 
deduce that most of the geometrical path length differences to the focus are smaller than the 100fs pulse 
width, resulting in only minor temporal distortions. Of course, the results may differ when shorter pulses 
are employed. Regardless of the spatiotemporal distortions, applying our adaptive optimization results in 
correction of all distortions in the focal spot, and in refocusing of the pulse in space and time (Fig.4 b,c). 
After optimization, the measured 2PF is increased 30-fold compared to the brightest 2PF before 
optimization, and the pulse autocorrelation at the focus is identical to the TL pulse autocorrelation (Fig. 
4c). 
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Figure 4: Spatiotemporal focusing of 100fs TL pulses through 1mm thick brain tissue: two-photon fluorescence (2PF) before (a) and 
after (b) optimization, showing a 30-fold increase in 2PF relative to the maximum 2PF intensity before optimization. The 2PF image 
before optimization is shown with 10x display gain; Scale-bars, 15µm. (c) Spatially resolved autocorrelation of the initial non-
optimized pulse at the center (blue) and top-right corner of the field (green), both with FWHM=180±10fs, and autocorrelation of the 
optimized pulse (dashed red, FWHM=170fs). The optimized pulse autocorrelation is identical to the transform limited pulse shown in 
Fig.2d. Inset: SLM phase pattern used to generate the corrected optimized spot. 
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Discussion  
We have presented a direct approach for characterizing and correcting spatio-temporal distortions in 
random scattering media. By optimizing a two-photon fluorescence signal an arbitrary pulse can be 
compressed inside a scattering sample10. Tailoring a complex femtosecond function would be possible by 
adaptive optimization of other nonlinear processes such as coherent anti-Stokes Raman scattering26 or 
photo-reaction products24, 25. Furthermore, recent results suggest that the scattering-aided spatial 
confinement of the shaped pulse may be better than that possible by the optical system without the 
scattering medium11, potentially achieving sub-wavelength focusing27, 28. 
Our adaptive technique is robust and is able to follow slow dynamics of non static samples (see 
Methods). However, its current implementation is too slow to be used in real-time or in-vivo imaging 
applications. The main limitations in our setup are the SLM refresh rate and the slow EMCCD image 
acquisition, both of which may be improved by using faster devices; it is also likely that improvements can 
be achieved using faster optimization algorithms. Combining our technique with temporal focusing39 may 
allow deep nonlinear imaging in scattering tissue, enhancing the signal while rejecting out-of-focus 
contributions40. Applications in imaging are especially attractive when the same correction is usable over 
the entire field of interest, allowing scanning of the optimized spot12. This is the case when the 
inhomogeneities are substantially above the focal plane, e.g. the skin and cartilage overlying the brain8. 
An intriguing question to be investigated concerns what information on the scattering medium may be 
extracted from the optimal phase function. 
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Methods 
Experimental system 
The complete experimental setup is shown in Fig.2a. The laser source is a Spectra-Physics Tsunami, 
producing 100fs pulses at 80MHz repetition rate with an average power of 2.1W. SLM is a Hamamatsu 
LCOS-SLM X10468-02. Microscope objectives used for focusing and imaging are 10X 0.25NA and 20X 
0.56NA, respectively. 2PF screens are made from Disodium Fluorescein in ethanol. A 1mm thick cuvette 
was used as the 2PF screen in the experiments reported in Figs.1-2. A <100µm thick layer of Fluorescein 
placed between a microscope slide and a 100µm thick glass cover-slip was used in the experiment 
reported in Fig.4. In the imaging path, the 2PF was separated from the excitation field by a dichroic mirror 
(Semrock FF720-SDi01) and a band-pass filter (Chroma, D525-250). The 2PF was imaged by an 
EMCCD (Andor Luca-S) and the excitation field was simultaneously imaged by a CCD (Watec WAT-
120N, not shown in Fig.2). The scattering sample used in the experiment reported in Figs.1-2 is a 60µm 
thick diffusive plastic tape placed 4mm from the 2PF cuvette. Optimization point in Figs.1-2 was 790µm 
from the optical axis. Autocorrelation traces were obtained by slowly scanning the delay line of the 
interferometer while rapidly dithering its position, utilizing a 1s-long integration time of the EMCCD to 
obtain a fringe-averaged autocorrelation trace35. 
Optimization process 
The SLM was divided to 1200 equally sized square segments, and the phase of the different segments 
was optimized using the iterative partitioning algorithm described in by Vellekoop et. al34. At each iteration 
the algorithm randomly selected half of the segments and adjusted their overall phase to maximize the 
target 2PF (see Supplementary Figure 1). The optimization continues indefinitely and follows the 
dynamics of the system. 1100 iterations were used in the experiment presented in Figs. 1-2 and 300 
iterations were used in the experiment presented in Fig.4. The EMCCD integration time was 2s in the 
optimization presented in Fig.1-2 and 100ms-500ms in the optimization presented Fig.4 (integration time 
was adaptively lowered with signal enhancement). Before optimizing the 2PF in the experiment presented 
in Figs. 1-2, we ran 100 iterations with <50ms integration time optimizing the excitation field intensity. 
Brain sample preparation 
A two week-old rat was decapitated and the brain was separated from the scalp. The separate brain was 
placed on a chopper device and the hippocampal region was cut in order to obtain several thin living brain 
sections of 500µm to 1000µm thickness. The sections were fixed in 4% paraformaldehyde during 1h, 
extensively washed with phosphate buffer and stored at +4 C. The samples were then placed on a glass 
microscope slide in a solution of 25% phosphate buffer and 75% Glycerol and sealed with a 100µm thick 
glass cover-slip. 
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Supplementary Material 
1. Optimization algorithm 
The iterative algorithm used for optimizing the 2PF is the partitioning algorithm described by Vellekoop et 
al. [Optics Communications 281, 3071-3080 (2008)]. At each iteration half of the SLM segments were 
randomly selected. The phases of the selected segments were ramped from 0 to 2pi in 21 equally spaced 
steps, and for each step the 2PF signal was recorded. As the pulse’s bandwidth is much narrower than its 
central wavelength, the 2PF signal at the rth step closely follows: 
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φopt is the optimal phase maximizing the 2PF signal. This is indeed the case as is shown in 
Supplementary Figure 1, which displays the measured 2PF as a function of the added phase for the 21 
steps of the last iteration in the experiment reported in Figs.1-2. For each iteration we extracted the 
optimal phase φopt, from the measured values PFrI
2
, by calculating the phase of the oscillating cosine with 
a 2pi period, using to the following formula:  
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Supplementary Figure 1: Example for the measured 2PF signal at one iteration as a function of the added phase φr=2pir/21, to the 
randomly selected SLM segments. The red line is a fit to a squared cosine function 
 
 
2. Axial confinement and enhancement factor of the two-photon fluorescence signal 
In all of our experiments the measured 2PF is the incoherent sum of the fluorescence contributions from 
all the different depths in the fluorescent screen. For a perfectly focused beam, only the volume confined 
by the confocal parameter of the beam contributes to the 2PF. This provides the axial sectioning of two-
photon microscopy and is the case for the optimized 2PF, in contrast to the non-optimized 2PF which has 
no axial confinement. This is shown in Supplementary Figure 2, plotting the 2PF imaged at the different 
depths along the z-axis at the transverse (x-y) location of the optimized spot. This trace is a one-
dimensional cross-section of the 3D plots of Fig.1 (d-e). It can be thus concluded that the measured 2PF 
in the optimized case originates from a much smaller volume than the 2PF in the non-optimized. The 
latter is the incoherent sum of significant out of focus contributions from the thick (1mm) 2PF screen. 
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Therefore, the localized enhancement of 2PF signal at the optimization point in the experiments 
presented in Figs. 1-2 cannot be obtained directly from the EMCCD image. However, the localized 
enhancement of the excitation field can be measured directly by coherently imaging the optimization point 
on an additional CCD camera. We have carried out this measurement which yielded an enhancement of 
20 in the excitation field intensity. This represents a 2PF enhancement of no less than 202=400 without 
taking into account temporal compression. Taking into account the ~2x temporal compression this result 
yields a ~800-fold enhancement in the localized 2PF. This enhancement factor agrees with the 15-fold 
2PF enhancement measured directly by the EMCCD camera times the ratio of the 2PF screen thickness 
to the Rayleigh range of the optimized ~7µm diameter spot.  
 To further verify that the local 2PF signal is enhanced by three orders of magnitude, we carried 
out an optimization experiment using a thin (<100µm) 2PF screen and a TL input pulse. Supplementary 
figure 3 shows the values of 2PF intensity versus the excitation intensity for each iteration. As expected, 
plotting the 2PF intensity enhancement as a function of the optimized excitation intensity reveals a nearly 
quadratic relation, and a measured 2PF enhancement of ~1000 compared to the average 2PF before 
optimization (Supplementary Figure 3a). Repeating the same experiment with a 1mm thick 2PF screen 
yields a much lower measured enhancement in the 2PF as result of the off-plane contributions, masking 
the optimized 2PF for low enhancement values (Supplementary Figure 3b). This is confirmed by the 
nearly quadratic relation between the 2PF and the excitation intensity which is obtained just for high 
enhancement values (Supplementary Figure 3b). 
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Supplementary Figure 2:.depth cross-section of the two-photon fluorescence in the optimized (red) and non-optimized (blue) cases, 
showing the axial confinement of the optimized 2PF and the off-axis background contributions in the non-optimized case. 
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Supplementary Figure 3: Comparison of the dependence of the measured 2PF to the optimized excitation intensity during the 
optimization using a thin 2PF screen (a) and using a thick 2PF screen (b). Quadratic dependence is given by blue lines. In the thick 
screen case (b) the weak non-optimized signal is masked by significant off-plane fluorescence contributions, which masks the true 
enhancement of the localized 2PF. 
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3. Pulse compression as a function of the number of degrees of control 
To study the pulse compression as a function of the number of degrees of spatial control (SLM 
segments), we have written a numerical simulation for the pulse evolution using the Fresnel-Huygens 
propagator under the paraxial approximation. The propagated field was calculated separately for each 
wavelength in the pulse bandwidth. The fields at the different frequencies were then summed to obtain 
the temporal profile at each point in space. We propagated the fields individually from each SLM segment 
to the optimized point of interest to create a broadband transfer matrix (impulse responses) for the 
different SLM pixels to the optimized point. The optimized SLM pattern for this matrix using the 
experimental parameters was calculated with the same algorithm used in the experiment, and then 
propagated through the system to generate the optimized pulse. The pulse autocorrelation width was 
then calculated for several simulation runs using different number of controllable SLM segments (the SLM 
was divided to equally sized controllable segments). The results show that increasing the number of 
degrees of control increases the attainable pulse compression (Supplementary Figure 4).  
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Supplementary Figure 4: Pulse compression as a function of the number of controlled degrees of freedom (SLM segments), 
showing increased pulse compression for more degrees of control (numerical simulation results). 
